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amples	 of	 such	 navigator-based	methods,	 e.g.	 (6–9),	 but	
only	one	of	these	has	also	been	demonstrated	to	be	effec-
tive	 for	small	 involuntary	motion	 in	very	high	resolution	
imaging.	 Using	 a	 3D	 echo-planar	 imaging	 readout	 as	 the	
motion-navigator,	Tisdall	et	al	were	able	 to	perform	mo-













navigators	 (3D	FatNavs)	 (14)	within	 the	 sequence	dead-
time	in	order	to	track,	and	retrospectively	correct	for,	the	




of	 a	 3D	 gradient-recalled	 echo	 (GRE)	 with	 binomial	 RF	
pulses	 to	 excite	 only	 the	 fat	 frequency	 at	 2mm	 isotropic	
resolution	and	with	4×4	generalized	autocalibrating	par-
tially	 parallel	 acquisitions	 (GRAPPA)	 acceleration	 (15).	
These	 parameters	were	 chosen	 as	 an	 empirical	 compro-
mise	between	voxel	resolution	and	parallel	imaging	accel-
eration	 factors	 in	 order	 to	 fit	 in	 the	 available	 dead-time	
(around	1-2 s	depending	on	the	sequence	and	the	chosen	
parameters).	A	fat	excitation	was	used	for	2	main	reasons:	
Firstly,	 the	 fat	excitation	results	 in	a	sparse	 image	which	
can	be	exploited	to	achieve	high	parallel	imaging	accelera-
tions;	and	secondly	 the	 fat	 signal	 is	 rarely	of	 interest	 for	
neurological	applications,	and	there	will	be	minimal	effect	






pecially	relevant	 for	 integration	 into	the	 large	number	of	













coil	 (Nova	Medical	 Inc.,	Wilmington,	MA).	 All	 volunteers	
were	 healthy	 adults	who	 gave	written	 informed	 consent	
prior	 to	 the	 imaging	 in	accordance	with	 the	 local	 review	
board.	
Experiment	 1	 –	 Comparison	 of	 estimated	motion-parame-
ters	at	different	navigator	resolution	and	acceleration	
6	volunteers	(age	19-35)	were	each	scanned	for	a	period	of	





2 mm	 isotropic	 resolution,	 88×128×128	 matrix,	
TE/TR = 1.35/3.0 ms,	bandwidth = 1950	Hz/pixel,	 flip	an-

















ulate	 acquisitions	 at	 various	 spatial	 resolutions	 and	
GRAPPA	acceleration	factors.	 In	total	17	different	combi-
nations	were	 tested,	 corresponding	 to	navigator	 acquisi-




tion	data	 (GRAPPA	kernel	2×2)	 for	 the	decimated	recon-
structions	were	taken	from	a	separate	fully-sampled	acqui-
sition	 (TRvolume = 32 s)	 with	 matched	 RF	 excitation	 fre-
quency,	as	using	integrated	calibration	data	would	not	al-
low	such	high	effective	acceleration.		
For	 each	 set	 of	 navigator	 parameters,	 reconstructed	 im-
ages	 were	 co-registered	 using	 a	 least-squares	 cost-func-











encoding	 fields	 we	 also	 performed	 unwarping	 using	
gradunwarp	 software	
(https://github.com/ksubramz/gradunwarp)	 of	 each	 of	
the	navigator	images	prior	to	their	co-registration,	making	
use	of	a	 look-up	 table	provided	by	 the	scanner	manufac-
















quency	 (either	 on	 resonance	 for	water	 or	 for	 fat).	When	
comparing	motion	estimates	with	WaterNavs	vs	FatNavs,	
the	 estimates	 from	WaterNavs	were	 taken	 as	 ‘reference’	
motion.	When	comparing	motion	estimates	before	and	af-
ter	unwarping	 for	 gradient	non-linearities,	 the	 estimates	
from	before	unwarping	were	taken	as	 ‘reference’	motion	








tion	 residuals)F/W/min(all	RMS	 rotation	 residuals)	 +	 (RMS	
translation	 residuals)F/W/min(all	 RMS	 translation	 residu-
als)”.	This	combined	metric	is	necessarily	somewhat	arbi-
trary	 due	 to	 the	 different	 nature	 of	 the	 units	 involved	
(translations	and	rotations,	bias	and	residuals)	so	by	nor-
malising	 each	 by	 its	 minimum	 value	 for	 all	 parameters	




mates	 from	 the	 original	 2 mm,	 2×2	 accelerated	 FatNavs	
	 3	










width = 240 Hz/pixel,	 flip	 angle	 during	 read-out	 train	
(TI1/TI2)	 = 7°/5°,	 readout	 direction	 foot/head,	 phase-en-
coding	 direction	 anterior/posterior.	 A	 GRAPPA	 accelera-
tion	factor	of	3	was	used	in	the	first	phase-encoding	direc-




eters	 for	 the	3D	FatNav	were	matched	to	those	 from	our	
previous	work	(14):	2 mm	isotropic	resolution,	4×4	=	16	
GRAPPA	acceleration,	matrix	size	=		88×128×128,	TE/TR	=	
1.35/3.0 ms,	 bandwidth	=	 1950	Hz/pixel,	 flip	 angle	 =	 7°,	



















algorithm	 (18).	 It	 should	 be	 noted	 that	 in	 our	 previous	
work	we	had	not	attempted	to	motion-correct	data	where	
the	host-sequence	itself	was	accelerated	with	parallel	im-
aging.	 In	 this	 work	 we	 achieved	 this	 by	 applying	 the	




for	 the	 k-space	 lines	 which	were	 not	 acquired,	 but	 esti-
mated	via	parallel	imaging.		
To	allow	comparison	of	the	quality	of	image	reconstruction	




performed	 for	 each	 3D	 FatNav	 resolution.	 As	 the	 3D	
FatNav	data	were	acquired	at	4×4	acceleration	in	order	to	








Experiment	 1	 –	 Comparison	 of	 estimated	motion-parame-
ters	at	different	navigator	resolution	and	acceleration	
The	image	quality	of	the	reconstructed	GRE	volumes	after	
retrospective	 data	 decimation	 to	 correspond	 to	 various	
spatial	 resolutions	 and	 acceleration	 factors	 can	 be	 ob-
served	in	Fig.	1,	where	a	single	axial	slice	out	of	the	full	3D	
volume	is	shown	for	a	representative	subject.	The	left	side	
of	 each	 image	 shows	 the	WaterNavs,	 and	 the	 right	 side	
shows	the	FatNavs.	The	parameter	sets	have	been	grouped	
such	 that	 the	 navigator	 represented	 in	 each	 row	 would	
take	approximately	the	same	amount	of	time	to	acquire	a	
single	navigator	 volume.	 In	 agreement	with	 previous	 re-
ports	 (14,19),	 the	 sparsity	 of	 the	 fat	 images	 allows	 im-
















ble	 bias	 (bias	 <	 0.02)	 and	 very	 small	 RMS	 residuals	




























estimated	motion	parameters	 from	WaterNavs	 and	 from	






























































comes	bigger,	 the	 rotational	pitch	 tends	 to	be	underesti-
mated.	However,	it	can	also	be	observed	that	for	the	esti-





spective	motion-correction	 using	motion	 estimated	 from	
the	interleaved	3D	FatNavs.	The	image	corrected	with	the	
full	2 mm	resolution	3D	FatNavs	still	has	some	minor	ring-
ing	 artifacts,	 but	 is	 a	 clear	 improvement	over	 the	uncor-
rected	 image.	By	eye	 there	 is	 little	perceptible	difference	
between	the	correction	using	2 mm	FatNavs	or	using	3,	4,	
6	or	8 mm	FatNavs.	Careful	 inspection	reveals	 that	 some	
high	resolution	 features	(such	as	 the	vein	marked	by	the	
orange	 arrows)	 are	 less	 well-defined	 when	 using	 8 mm	
FatNavs.	The	difference	 images	shown	in	Fig.	6b	support	
the	observation	that	when	a	larger	voxel	size	is	used	for	the	





















































on	 the	 imaging	 resolution	 of	 the	 host	 sequence	 and	 the	
magnitude	of	the	expected	motion	in	the	studied	popula-
tion	 group	 (i.e.	 differences	 might	 be	 expected	 between	





this	 paper:	 if	 there	 is	 sufficient	 time	 available,	 the	 best	
choice	of	parameters	for	the	3D	FatNav	are	2 mm	resolu-
tion	and	4×4	acceleration.	However,	as	this	requires	1.22 s	

















the	 effect	 is	 very	 similar	 for	 the	 WaterNavs	 and	 the	
FatNavs.	We	had	speculated	that	the	FatNavs	may	be	more	
affected	by	the	application	of	unwarping	as	the	fat	signal	is	
primarily	 located	 further	 from	 the	 scanner	 isocenter	



















so	small,	however,	 that	 it	 is	unlikely	to	have	a	noticeable	
effect	 on	 the	 motion-corrected	 image.	 We	 would	 expect	











rameters	 from	 the	 FatNavs	 have	 noticeably	 lower	 com-
bined	error	scores	than	the	WaterNavs.	
FatNavs	also	have	the	advantage	over	WaterNavs	that	they	
have	minimal	 impact	 on	 the	magnetization	 of	 the	water	
spins	being	probed	by	the	host	sequence.	However,	despite	
these	 advantages,	 the	question	 also	 arises	 as	 to	whether	











strong	 correlation	 and	 little	 noticeable	 bias	 between	 the	






inflating/deflating	 air	 bag	 involved	 more	 translational	
than	 rotation	motion,	 and	 the	axes	 for	 the	 rotations	plot	
are	smaller	than	for	the	translations.	
With	the	general	shape	of	the	scalp	(which	dominates	the	
fat	 image)	 being,	 to	 a	 first	 approximation,	 similar	 to	 a	
sphere	–	there	is	the	possibility	that	the	fat	image	is	inher-
ently	less	sensitive	to	rotations	than	the	water	image.	Fig-
ure	 2c	 suggests	 that	 the	 fat	 layer	 is	 sufficiently	 different	
from	a	sphere	to	provide	reliable	estimates	of	head	rota-



































As	 evidenced	 by	 the	 quality	 of	 the	 motion-correction	
shown	in	Fig.	7	(compare	‘uncorrected’	vs.	‘2 mm	FatNavs’),	
however,	the	potential	for	further	improvement	may	prove	
minimal,	 as	 with	 the	 current	 implementation	 of	 the	











cision	 associated	 with	 acquiring	 shorter	 navigator	 vol-
umes.	However,	the	critical	question	for	application	of	the	






formed	Experiment	 2,	where	 a	 subject	made	 slow,	 small	
deliberate	 movements	 during	 a	 10-minute	 structural	
MP2RAGE	 scan.	 It	 is	 clear	 from	 the	 motion-parameters	
shown	in	Fig.	5	that	the	dominant	translation	was	in	the	z-
direction	–	and	the	dominant	rotation	axis	was	pitch.	As	the	





































k-space	 samples	 following	 retrospective	 motion-correc-
tion	no	longer	conform	to	a	Cartesian	grid	it	is	not	obvious	
that	 Cartesian	 GRAPPA	 can	 still	 be	 used	 effectively.	 En-




normal	 to	 motion-corrupted	 data,	 then	 interpolate	 esti-
mated	translations	and	rotations	from	3D	FatNavs	to	give	






necessary	 to	develop	an	 iterative	algorithm	whereby	 the	













implementing	 a	 sufficiently	 fast	 image	 reconstruction	







the	 choice	 of	 algorithm	 used	 to	 estimate	 the	motion-pa-
rameters	 from	 the	 images	 –	 as	well	 as	 the	 image	 recon-
struction	algorithm	used	to	reconstruct	each	navigator.	We	
chose	 to	use	 the	realign	 tool	 from	SPM	for	 the	 image	co-
	 11	
registration,	as	our	initial	testing	suggested	that	it	is	par-
ticularly	 suited	 to	 handling	 sub-voxel	 shifts	 in	 a	 robust	
fashion.	If	applications	are	found	where	it	would	be	espe-
cially	relevant	 to	be	able	 to	match	 the	 low	bias	and	RMS	





corporate	 the	 prior	 knowledge	 of	 the	 signal	 distribution	
(perhaps	 obtained	 from	 the	 GRAPPA	 calibration	 volume	
acquired	at	 the	start	of	 the	scan)	to	directly	estimate	the	




tion-estimates	 derived	 from	 3D	 FatNav	 data	 acquired	 at	
various	 spatial	 resolutions	 and	 acceleration	 factors	 and	
conclude	that	if	there	is	time	available,	the	2 mm,	4×4	ac-
celerated	acquisition,	taking	1.22 s,	is	able	to	give	motion	









agreement,	 and	 they	 demonstrated	 similar	 performance	
for	different	choices	of	resolution	and	acceleration	–	with	
FatNavs	giving	lower	error	scores	than	WaterNavs	at	very	
high	acceleration	factors.	
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